This paper focused on the welding 1.8 mm thick 6061 aluminum alloy plates in T-joint form using dual lasers that introduced by a Nd: YAG laser and a CO 2 laser with 4043 aluminum filler wire. The effects of welding parameters on the T-joint weld appearance, microstructure and the joint mechanical properties were studied systematically, The influence of welding parameters included the distance between two laser beams, welding speed, laser power and the laser beam offset toward the stringer. The weld appearance, microstructure, hardness of the joint were evaluated by optical microscope and micro-hardness test. A monotonic quasi-static tensile test was conducted by a self-made clamping device to obtain the tensile property of welded joints. At the optimized parameters, the welded T-joint showed good weld appearance without macro defects; the micro hardness of welds ranged from 75 to 85 HV 0.3 , and the tensile strength was about 254 MPa with the fracture at the heat affected zone on the stringer side.
Introduction
From the viewpoint of demand for weight loss in aerospace industry, joint, of fuselage panels connected by traditional mechanical fastening will be replaced by laser beam welding [1] . Laser beam welding provides outstanding characteristics of high energy density, high welding speed, high flexibility of the moving system, low distortions, narrow heat affected zone, and high depth-to-width ratio [2] [3] [4] . However, T-joint of fuselage panels welded at one side by full penetration will cause distortions because of the asymmetric force. Distortions not only increase the difficulty of frock clamping, but also add the probability of crack [5] [6] [7] . In past decades, mitigation methods have been developed to reduce welding distortion using different approaches, such as low-stress no-distortion welding with additional cooling [8] , predeformation [9] , thermal tensioning [10] , optimized welding sequences [11] , or change clamping support distance [12] . Those methods are capable of reducing the distortion of T-joint, however, dual-beam laser welding synchronously at two sides can minimize the formation of weld-induced self-stresses in the weld seams because of the symmetrical stress distribution. In essential, dual beam laser weld Tjoint is a more efficient way to weld T-joint configuration. Up to now, the influence of welding parameters on weld formation and microstructure of T-joint welded by dual laser beams was seldom reported, especially for thin aluminum alloy plates. So this paper focuses on the welding of 1.8 mm thin aluminum alloy plate T-joints synchronously at two sides. The main goal is to evaluate the effects of welding parameters on the microstructures and joint mechanical properties systematically. Welding parameters include the distance between two laser beams, welding speed, laser power, and the laser beam offset toward the stringer (BOF).
Materials and Method
Test plates used in this study were the age-hardened (T6) 6061 aluminum alloy with the thickness of 1.8 mm. The weld seam between the stringers and the fuselage skin were simultaneously welded from both sides of the stringer by means of a dual-beam system. The dual-beam system is composed 2 Advances in Materials Science and Engineering Table 1 and the experiment setup for the T-joint welding is described in Figure 1 . The Nd:YAG laser beam formed an angle of β (45 • ) with the skin and θ (25 • ) for the CO 2 laser, filler wire were held at the angle of 11
• to the stringer at the side of Nd:YAG but perpendicular to the stringer at the CO 2 side. The symbols h and d represent the position of laser focused on the stringer and the distance between two laser beams, respectively. Before welding, plate surface was cleaned by abrasive paper and then washed by a sodium hydroxide solution followed by nitric acid to remove and minimize the oxide film.
Macrographs and microstructure observation were performed using optical micrographs. Micro-Vickers hardness was tested on the cross-section of the welded T-joints using a load of 300 g for 15 s. The T-joint tensile tests were carried out on Zwick Z020 E-stretching machine at a strain rate of 0.5 mm/min by a home-made device for clamping specimens. According to the routine operating general recognized in aeronautic industry, the specimen geometry for T-joint tensile test and the schematic description of the self-made clamping device were shown in Figures 2 and 3 , respectively.
Experimental Results and Discussions

Appearance of the Weld.
In our pre-experiments, deep penetration cannot be produced by 3 kW Nd:YAG due to the low power density. However, by preheating of tested plate, the weld depth can be increased significantly. For example, the sample preheating at 300
• C showed an depth of the weld bead twice as deep as the sample without preheating, 1.00 mm versus 0.53 mm at the same welding condition (laser power = 2.8 Kw, welding speed = 1 m/min). Taking this fact into account, the Nd:YAG laser beam was placed behind CO 2 laser beam to facilitate preheating and its output was kept at 2.8 kW. The feed rate of the filler wire and the BOF were maintained at 1.4 m/min and 0.5 mm because of its minimal affection. To simplify the discussion, the wire It is well know that the distance between two laser beams plays an important role on the welding result. Therefore, different distances have been tested from 0 to 3 mm in order to investigate the effect of this parameter on the stability of the welding. As Table 2 shows, when the distance between two laser beams is relatively small (0∼1.0 mm), the absorption of Nd:YAG laser power increased and the welding seam got deeper and wider. However, smaller distance caused higher instability of welding process; this problem existed due to less preheating of the plate at the position of Nd:YAG laser focus and therefore incomplete melting of filler wire, which then resulted in blocking of wire feed and breaking off the welding process. If the distance is too big (1.5∼3.0 mm), the plate also could not be preheated enough to acquire deep penetration. The distance between two laser beams which ranged from 1.0 to 1.5 mm was suitable to get stable welding processing and proper weld formation. Based on that, in the following experiment the distance between two laser beams was set as 1.5 mm.
T-joints were successfully welded with welding speed of 2 to 6 m/min and the CO 2 laser power of 7.8 kW. The typical macrographs of weld cross-sections were shown in Figure 4 . It can be seen that weld seam at the side of CO 2 laser (left side in each photo) was wider than that of Nd:YAG because of the relatively higher energy input of CO 2 laser. Meanwhile, with the increased welding speed, the welding seam changed from full, wide penetration to partial, small penetration. The undercut is seen in Figures 4(a) and 4(d) , but the reason is different. In the lower welding speed, the undercut is formed because of the evaporation of melted metal. While welding in the higher speed, undercut also formed for the fast cooling speed and inadequate filler wire. According to the pre-experiment, porosity is not the main problem in the whole welding processing. In general, the porosity is reduced with the increasing welding speed, because the flow of the melted metal improved and the gas can escape more easily. However, when the welding speed is too high, gas can not escape from the pool in the limited time and the amount of porosity increased. Weld beam with full penetration is useful to reduce the porosity. Welding speed range of 3 m/min to 4 m/min was suitable to form a sound weld seam. The weld cross sections at different CO 2 laser power at the same welding speed of 4 m/min are shown in Figure 5 . It can be found that with the increased laser power, the weld seam at CO 2 laser side became larger, but little change at the side of Nd:YAG laser was observed. When the CO 2 laser power is relatively low, the weld seam at both sides was similar, but incomplete penetration was formed as shown in Figures 5(a) and 5(b) with the red arrow pointed out. The unpenetrated fusion hindered the escape of gas with a result of higher porosity. With the increase of laser power, weld seam area at CO 2 laser side became much larger than Nd:YAG. When the laser power increased to 8.0 kW, undercut took place at CO 2 laser side, as show in Figure 5 When laser spot focuses on joint of the stringer and the skin (BOF = 0 mm), any tiny change may cause large fluctuation of the weld pool, which will lead to an unstable welding process. However, the offset of laser beam toward the stringer can stabilize the welding process. Table 3 presented the widths of upper and inner fillet weld leg fabricated using BOF of 0, 0.5, and 1.0 mm at the CO 2 laser side, respectively. It can be seen that the widths of upper and inner weld leg were not symmetry and the ratio of upper and inner weld leg width was 1.35 when the BOF was 1.0 mm. Besides, there was undercut in the stringer (see in Figure 5 (e)). When BOF was 0.5 mm, upper and inner weld legs of weld beam were symmetrical without any obvious defect. Figure 6 laser side due to less laser energy input. The root area of the mixed welding seam as shown in Figure 6 (e) contains several distinct microstructure zones from the fusion zone to the base material. They are (1) columnar zone, parallel dendrites preferentially grew along the heat flow direction; (2) chill zone, small equiaxed grain formed; (3) heat affected zone (HAZ), the grain grow coarse to the equiaxed grain; (4) base material region (BM). The detail is drawn by the dotted line.
Microstructures. The optical micrograph, as shown in
Varieties of microstructures were due to the different cooling rate and heat transfer direction. The morphology of the solidification structures developed in the fusion zone was controlled by the parameter G/R (G is the thermal gradient in the liquid and R is the solidification growth ratio) and the undercooling level. At the center of fusion zone, G/R reached a minimum value. While close to the fusion line, it gained its maximum in the columnar zone, with the microstructure changed from the cellular-dendrite at the center of fusion zone to parallel dendrites. Near the fusion line, the melted metal has high undercooling level, forming fine equiaxed grain (show in Chill zone). The grain in the HAZ have been affected by the thermal circle and grown coarse. Figure 7 shows the microhardness profile across the weld bead of the T-joint with the CO 2 laser power of 7.5 kW. At the side of Nd: YAG fusion zone, hardness is slight higher than other area, because of low heat input resulting in smaller grain size. At the side of the CO 2 fusion zone, the micro-hardness is the lowest, for heat input is higher and the grain grows coarse. However, near the surface of the weld bead at the side of CO 2 laser, the microhardness increased sharply because of the fast cooling speed and small grain obtained. In the mixed area, the value of micro-hardness is between those of Nd: YAG laser and CO 2 laser. The result of micro-hardness coincides well with the grain size as Section 3.2 described. Figures 8 and 9 show the tensile strength plot against laser power and welding speed, respectively. When the laser power was relatively low, the T-joint exhibited lower tensile strength because of nonfusion. The peak tensile strength located at about 7.5 kW to 7.8 kW, which corresponded to the complete penetration without any obvious defect. If the laser power is kept increased, the tensile strength decreased because of the grown grain size and undercut. The plot of tensile strength against welding speed is similar to Figure 8 for the same reason as discussed above. With the welding speed increased, tensile strength got maximum value at 4 m/min and then decreased, and the peak tensile strength was 254 MPa with the fracture at the heat affected zone (HAZ) on the stringer side.
Microhardness.
Tensile Strength.
Conclusions
(1) The parameters such as distance between two laser beams (d), welding speed (υ), laser power (P), and the laser beam offset toward the stringer (BOF) was systematically investigated. The results showed that 6 Advances in Materials Science and Engineering these parameters have great effect on the stability and macrostructure of the welding.
(2) The undercut would be occurred under relatively high and low welding speed as well as higher laser power. Complete penetration is helpful to reduce the porosity.
(3) With the optimized parameters (d = 1.0∼1.5 mm, υ = 3∼4 m/min, P CO2 = 7.5 ∼ 7.8 kW, BOF = 0.5), T-joint with good weld appearance, no obvious porosity, and undercut was observed.
(4) Micrograph observation showed the joint had different distinct zone with different microstructure from the center of fusion zone to the BM. At the center of fusion zone, cellular dendrites are present. While close to the fusion line, microstructure changes to parallel dendrites for preferentially elongating along the heat flow direction. In chill zone, fine equiaxed grain formed due to high undercooling level. In the HAZ, grain grew coarse for the thermal circle.
(5) Micro-hardness at the Nd:YAG zone is higher than other area due to smaller grain size. The tensile strength was about 254 MPa with the fracture at the heat affected zone (HAZ) on the stringer side.
